INTRODUCTION
Strengthening of existing structures using lightweight composite materials is becoming widespread due to their ease of installation and competitive pricing compared with traditional methods. Reinforced or prestressed concrete beams strengthened with fiber-reinforced polymer (FRP) materials often fail in flexure due to concrete crushing or FRP rupture. I This type of failure can be well predicted using cracked section analysis of the strengthened section using the specified FRP material properties from the manufacturer 2 A detailed examination of the flexural behavior of prestressed concrete beams strengthened with FRP materials can be fo und elsewhere. 2 The behavior under fatigue loading ofFRP strengthened beams is often controlled by the stress range induced in the internal steel reinforcement, which should be kept within presctibed limits 3 The presence of an FRP strengthening material bonded to the tension face of a reinforced concrete beam will restrict but not prevent the opening of intermediate flexural or shear cracks due to applied loading. Displacements at the toe of the flexural cracks create stress concentrations at the interface of the plate and the beam, leading to the development of localized interface cracking. At higher load levels, the interface cracks propagate between the flexural cracks and move toward the end supports for a simply su pported beam as shown in Fig. 1 . This type of FRP delamination is commonly tenned intennediate crack (IC) debonding whether the propagation is from intermediate flexural cracks or intennediate shear cracks. It is a failure mode common in structures with: I) high shear span-to-depth ratios; 2) FRP strengthening with low ACI Structural Journal/January-February 2008 axial stiffness per unit width; 3) strengthening plate tennination in regions near the support; or 4) anchorage details. Prestressed concrete beams are prone to IC debonding failures because of their high shear span-to-depth ratios. They will also have slightly improved bond behavior compared with reinforced concrete members due to the existing compressive strain in the beam soffit. This proves to be beneficial because the IC debonding propagation is typically due to failure in the concrete sutface material. Conversely. beams with short shear span-Io-depth ratios or strengthening plates with high stiffness or thickness may experience debonding propagating from the plate end (pE debonding), which has been examined in many analytical studies.4-7 Debonding miti%ation techniques have been explored by several researchers 8 - 1 and have been codified in China. II This study has three main objectives: I) to create a description of an experimental program designed to assess the bond behavior of CFRP strengthening systems for prestressed concrete; 2) assemble an experimental database of IC debonding failures from sources in the literature; and 3) use the measured values and the database to assess the accuracy of the current models of the national code documents in predicting IC debonding failure. The accuracy of a proposed model by the authors is also presented.
RESEARCH SIGNIFICANCE
This study provides unique data on the bond behavior using large-scale 30 ft (9. 14 m) long prestressed concrete btidge girders strengthened with FRP, which complements earlier studies using small-scale beams. The experimental results presented in this paper, along with the assembled database, are useful for the development of rational models and design procedures that can be used by ACI Committee 440 12 to provide up-to-date guidelines for the repair and strengthening of concrete structures using FRP. 
EXPERIMENTAL PROGRAM
A total of six girders were tested as part of an experimental study. Three girders were strengthened with precured carbon FRP (CFRP) strips (EB IS, EB ISB, and EB ISB2) and two girders were strengthened with CFRP wet lay-up sheets (EB8SB and EB9SB). An unstrengthened control girder (CS) was also tested to examine the effectiveness of the various strengthening schemes used in this investigation. Table 1 provides a summary of all six tested girders. Detailed information on the test results can be found elsewhere. 2 
Test girders
The precast prestressed C-channel type bridge girders tested in this study were obtained from two decommissioned Fig. 2 and summarized in Table I . Four of the beams were purposefully designed without V-wrap anchorage on one side to study the IC debonding failure mechanism and not to achieve specific increases in loadcarrying capacity. All materials were tested to determine their stress-strain behavior in accordance with the appropriate ASTM standard and summarized results are shown in Table 1 .
Test setup and instrumentation
All girders were tested using a 490 kN MTS hydraulic actuator mounted to a steel frame placed at the midspan of the girder. The load was applied using a steel plate approximately 10 x 20 in. (250 x 510 mm [the same area as the design loading area specified by AASHTO))u To simulate field conditions, the girder was supported at both ends on neoprene pad, which in tum rested on a steel plate. The width of the neoprene pad was 8.5 in. (216 rom), which provided a clear span of 28.6 ft (8712 rom) for each tested girder. The girders were tested first up to the cracking load, unloaded, and reloaded to failure. This allowed observation of the crack reopening load, which aided in the computation of the effective prestress force. I The displacement behavior of the girders during testing was monitored using two string potentiometers placed at the midspan and two linear potentiometers to measure vertical displacement over the supports. The compressive strain in the concrete was measured using a combination of PI gauges (a strain gauge mounted to a spring plate) and two electric resistance strain gauges located at midspan. PI gauges were placed at various locations at the level of the lowest prestressing strand to measure the crack width and to determine the strain profile along the depth of the girder. The tensile strain profile in the CFRP reinforcement was measured using numerous electric resistance strain gauges placed at various locations along the length of the girder.
Test results
Before strengthening, the prestressed concrete girders used in this research were similar. Girders EBIS, EBISB, EB ISB2, and EB8SB were strengthened with approximately the same axial stiffness EtAfof FRP material and, therefore, perfonned much the same before and after cracking and after yielding of the prestressing strands. Because only Girder EB IS was strengthened with debonding mitigation throughout the entire length, this indicates that the presence of the V-wraps did not influence flexural cracking. Girder EB9SB was strengthened with approximately double the CFRP axial stiffness of the other girders; therefore, the stiffness was greater both before and after yielding of the prestressing strands. Spacing of the cracks around midspan was approximately 8 in. (203 rom) for the control girder (CS) and approximately 6 in. (152 mm) or smaller for the strengthened girders, which also had numerous other branching cracks around the toes of the flexural cracks.
Girder EB IS failed due to IC debonding at a load of 39.6 kips (176.1 kN), a 19.3% increase in ultimate load compared with the control girder (CS). The IC debonding occurred rapidly and developed despite the presence of V-wraps throughout the length of the girder. The failure interface was in the concrete interface at midspan, but was difficult to discern between the V-wraps in other locations.
The maximum measured strain of the CFRP material at midspan was 12,200 !lm/m, which is 71 % of the rupture strain as determined from material tests. Girders EB1SB and EB ISB2 failed due to IC debonding at measured strain values of 9960 and 10,670 !lm/m, lower than the value for Girder EBIS. This indicates that the presence of the V-wraps throughout the length of the girder delayed the IC debonding failure. For both girders, the debonding initiated near the midspan on the side without V-wraps and propagated rapidly towards the supports. Initially, the failure occurred at the FRP-concrete interface in the concrete surface layer and then shifted to the CFRP-adhesive interface outside of the heavily cracked region. Figure 3 shows the rapid debonding propagation observed during the test of Girder EB I SB. The measured ultimate loads were nearly the same for both girders and represented approximately an 8% decrease from Girder EBIS with V-wraps along the entire span.
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Girder EB8SB failed due to rupture of the FRP at a load of 34.5 kips (153.4 kN), slightly lower than Girders EBISB and EBlSB2, which were strengthened with the same axial stiffness of FRP. The rupture occurred in the longitudinal CFRP at the location of the first V-wrap. Just before failure, cracking was heard at the FRP-concrete in te.rface near the midspan representing localized debonding around the flexural cracks. Inspection after the test revealed that the interface failure plane before rupture was at the FRP-concrete interface in the concrete surface layer. This failure plane developed between the concrete teeth fanned between the flexural cracks at midspan. The maximum recorded strain in the FRP before rupture was 9490 !lm/m similar to Girders EB ISB and EB1SB2, but much closer to the rupture strain measured from material testing.
Girder EB9SB failed due to Ie debonding followed by FRP rupture at a load level of 40.1 kips (178.3 kN) . Inspection after the test revealed that the failure plane was in the FRPconcrete interface in the concrete surface layer throughout
Fig. 3-JC debondingfailure of Girder EBlSB.
the debonded length, except for near midspan where the formation of small concrete teeth between the branching cracks led to damage at the CFRP-adhesive interface before failure. The maximum measured strain at midspan was 8680 f.lmlm, lower than the other strengthened girders. 3COO 4000 5000 
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Discussion of test results
This section discusses the structural behavior of the six girders tested as part of the experimental study. A summary of the results is provided in Table 1 .
Girder EB IS had debonding mitigation placed along the entire length of the girder, which reduced the propensity for debonding failure and increased the ultimate load and displacement at failure due to IC debonding. For the other strengthened girders, the ultimate displacements were lower than the control girder due to premature debonding failures, which was designed intentionally to study the failure mechanism. The applied load-versus-midspan displacement is shown in Fig. 4 for the all the strengthened girders, along with the unstrengthened girder. The girder with debonding mitigation (EB 1 S) showed considerably more ductility than the other strengthened girders. The girder with the largest axial stiffness of FRP (EB9SB) achieved the highest measured load value, which is slightly higher than Girder EB IS and 20.2% higher than the unstrengthened girder.
From the continuous monitoring of strain gauges attached to the CFRP material, the strain profile along the length of the girder was established for various load levels. The strain profile for Girder EB 1 SB is shown in Fig. 5 , where the dark lines represent, the load of flexural cracking and debonding failure. The figure indicates that the tensile strain in the CFRP material at service load levels, which is approximately the cracking load, are considerably below the strains measured at debonding failure. The debonding mitigation provided on one side of Girder EB ISB (the right side of the figure) indicates that the transverse U-wraps did not affect the tensile strain profile of the longitudinal CFRP; therefore, in subsequent tests, the strain gauges were grouped on the side without U-wraps. Girders EB ISB2 and EB8SB had similar axial stiffnesses of longitudinal CFRP resulting in similar strain distributions. The strain profile of Girder EB9SB, which had twice the axial stiffness of the other girders tested, is shown in Fig. 6 . Comparing the strain profiles of Girders EB ISB and EB9SB suggests that externally bonded wet lay-up type systems can have a slightly more uneven (or jagged) distribution of strain due to the conformation of tbe strengthening material to the soffit of the beam or a result of the increased amount of instrumentation.
The interface shear stress [,(x)) along the length of the girder corresponding to the measured tensile strain in the CFRP can be evaluated using the following equation
where dldx [ep(x) ) is the change in FRP strain along the length of the beam x and Kp is the axial stiffness of the CFRP material per unit width. Based on the slope of the measured tensile strain and the axial stiffness of the material, the interface shear stress along the length of the beam can be determined . The interface shear stress versus length for Girders EB ISB and EB9SB is shown in Fig. 7 and 8 , respectively. The more uniform distribution of measured strain for the externally bonded FRP precured strips provided positive interface shear stress distribution over half the girder with a maximum value of 145 psi (1.0 MPa) as shown in Fig. 7 . The interface shear stress distribution for Girder EB9SB has a much more variable distribution with a maximum positive value of approximately 340 psi (2.34 MPa) and a negative value of 100 psi (-0.69 MPa). The large variability is mainly due to complex cracking behavior of reinforced/prestressed concrete and the resulting stress concentrations occurring around the toes of the flexural cracks. The distribution of the interface shear stress, in particular Fig. 7 , indicates that the maximum interface shear stress at debonding failure is likely to occur at the location along the girder corresponding to first yielding of the prestressing strands, in this case, approximately 10.5 ft (2790 mm) from the support.
The average measured debonding strain for Girders EBISB, EBISB2, and EB8SB that were strengthened with the same axial stiffness of FRP was approximately 10,000 ~rnIm as shown in Table I . Using simple cracked section analysis (described in detail elsewhere I) that satisfies equilibrium and compatibility of the section for the strengthened prestressed concrete girders and deb on ding strain of 10,000 ~rnIm, the load versus deflectiori behavior was predicted as shown in Fig. 9 . The figure indicates that if the debonding strain is known, the behavior of the girders can be well predicted. It should be noted that most of the reported strains were measured from electrical resistance strain gauges placed on the outside surface ofthe CFRP after strengthening normally within the constant moment region or high moment regions. Due to induced stress concentrations on the externally bonded plates due to flexural cracking, these reported strains could vary significantly, even if they are placed very close together. For in the test configuration of four-point bending, the most reliable reported debonding strains are those that are averaged over the constant moment region. For the test configuration using three-point bending, the most reliable value is the highest recorded value at midspan due to the large drop-off in strain that occurs just away from the CFRP directly below the loading location. The variation of the reported debonding strain value could also be due to the time at which the strain was measured. In some cases, researchers report the strain at the initiation of debonding and other just before IC debonding failure, a difference that could be as much as 230%.14 Due to the wide variation in reported debonding strain, some have tried backcalculation of the debonding strains using strain compatibili~ and equilibrium and the measured values for applied load 1 ; however the results of this exercise were inconclusive.
INTERMEDIATE CRACK DEBONDING DATABASE
Out of a total of 38 experimental studies, only 17 had one or more specimens satisfying the previous requirements, resulting in a total of 47 beams or slabs included in the database. Including the four prestressed concrete C-cbannels tested as part of this research that satisfy the requirements, there are a total of 51 beams or slabs reported in the database. The selected members represent a wide cross section of shapes and $izes, with depths varying from the lower limit of 5.9 in. shear reinforcement. The database includes three different FRP materials: CFRP, aramid FRP (AFRP), and glass FRP (GFRP), which were installed using both the wet lay-up method and externally bonding a precured laminate using structural adhesive. The properties of the FRP vary significantly and represent both the laminate and fiber properties for wet lay-up systems. Several assumptions were made in the construction of the database: 1) if the depth to the tensile steel d was not specified, then it was assumed to be 0.9h (where h is the height of section); and 2) if the shear modulus of the adhesive was not provided it was assumed to be 145 ksi (1000 MPa). The IC debonding database is given in Tables 2   and 3 . A full review of al l 38 studies can be found elsewhere, 1 but the studies included in the database are referenced herein. I , I4-30
COMPARISON OF EXISTING MODELS
This section evaluates the existing national and international code equations currently available to predict the tensile strain at IC debonding. The strain in the beam soffit before strengthening was included in the calculations for the 
The predicted debonding strain based on the aforementioned equations correJates poorly to the measured debonding strain from the database as shown in Fig. 10 . The prediction with the reduction factor of 'I' = 0.85 is also (4) where a is a reduction factor accounting for the influence of inclined cracks on the bond strength (0. = 1.0 for beams with sufficient shear reinforcing and for slabs, otherwise 0. = 0.9).
The value ke is a factor accounting for the state of compaction of was also observed that as the shear span-to-depth ratio increases, the model becomes more conservative.
Prediction of the debonding strain according to the Chinese code is given by the following equation II (6) where kb is a width factor related to the width of the FRP material bfto the base material be as follows 2.25 -'2 kb = be
The value of Ld in Eq. (6) is the distance from the plate end to the section where the FRP plate is fully used. "This is assumed to be equal to the shear span ntinus the distance from the end of the FRP plate to the support. The value A is a factor to account for 
The depth x (in Fig. 14) is equal to the thickness of the concrete paste layer during IC debonding failure, which separates from the concrete surface and is recommended as represents twice the fracture energy. This value can be determined from material testing or may be taken equal to the following equation given by the code commentary for beams strengthened with externally bonded sheets or strips (9) The predicted values for debonding strain based on the Australian approach are similar to those found using the approach of jib code 32 but are more conservative as shown in Fig. 14 .
PROPOSED DESIGN MODEL
The following design model, proposed by the authors, characterizes the interface shear stress based on the nature of the applied loading and the stress concentrdtions at the toes of the flexural cracks. 1 The model requires calculation of the flexural yielding moment My and the corresponding strain level in the FRP material (Ej@y). The moment corresponding to debonding failure Mdb can be calculated by assuming a value of debonding strain (Edb) ' The maximum interface shear stress 't cmax can then be calculated using the following equation (10) where s is the shear span and x, is the distance from the support to the location of first yielding of the internal tensile steel, which is dependent upon the loading conditions. The value of debonding strain is iterated until 't cmax reaches the critical value equal to 1.8 Jr'. The total strain in the CFRP (Edb) is the summation of the debonding strain and the strain due to stress concentrations (Esc) that can be estimated as (11 ) If the total strain (Edb + E,c) exceeds the rupture strain of the material ,. then rupture will occur before debonding. Complete details on the proposed model can be found elsewhere. 1 The prediction according to the proposed model is shown in Fig. 15 . It should be noted that the uniqueness of the proposed model is the ability to model the behavior of the prestressed concrete section explicitly through calculation of the parameters M,. and M db.
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CONCLUSIONS
This research provides unique information related to the bond behavior of prestressed concrete strengthened with externally bonded CFRP, especially related to the IC debonding phenomenon. The collected database and test results of the experimental program were compared against the analytical models in national code documents as well as a proposed model introduced by the authors. The following conclusions can be reached from this research:
1. For long-span, flexural prestressed concrete members strengthened with CFRP without transverse U-wraps, the common failure mode is IC debonding; 2. Precured CFRP systems are more prone to IC debonding due to their large tensile strain capacity and high stiffness due to large fiber volume fraction;
3. The IC debonding process will initiate for both precured and wet lay-up CFRP systems in the concrete layer at the FRP-concrete interface;
4. During rapid IC crack propagation, the failure plane may shift through the adhesive layer imd continue along the plate-adhesive interface outside of the heavily cracked region for precured CFRP systems;
5. Transverse CFRP U-wraps placed throughout the girder length can increase the tensile strain in the precured longirudinal CFRP at IC debonding failure by as much as 20'70.
6. The analytical model from ACI Committee 440 12 for IC debonding is currently unconservative and should be reevaluated;
7. The most conservative model currently available is the model introduced by the Australian Draft Design Guideline 3 \ and 8. The proposed model provides a relatively accurate prediction of IC debonding and addresses both reinforced and prestressed concrete structures.
